Abstract. Non-small cell lung cancer (NSCLC) is a primary sub-type of lung cancer with a high incidence rate and poor prognosis. The primary therapeutic treatment for NSCLC is chemotherapy, which is considered to be ineffective and excessively toxic. Novel therapeutic methods, particularly molecular targeted therapy, have attracted considerable attention. MicroRNAs (miRs) are reported to be potential biomarkers and targeted agents with roles in various types of tumors. Herein, the present study presented the observation of aberrant low expression of miR-29c and associated overexpression of vascular endothelial growth factor A (VEGFA) in NSCLC tumor tissues. The effects of miR-29c upon NSCLC tumor progression, including cell proliferation and cellular apoptosis, were investigated. The possible regulatory mechanism of action of miR-29c on its direct target VEGFA and the phosphatidylinositol 3-kinase (PI3K)/RAC-α serine/threonine-protein kinase (Akt) signaling pathway was examined using multiple methods, including reverse transcription-quantitative polymerase chain reaction analysis, dual luciferase assay and western blot analysis. The results demonstrated that miR-29c expression was downregulated in NSCLC tumor tissues compared with normal tissues. A marked negative correlation in the expression of miR-29c and VEGFA was observed in clinical NSCLC tissues and cultured NSCLC cells. Overexpression of miR-29c may inhibit cell proliferation and accelerate the cellular apoptosis rate of NSCLC tumor cells. Furthermore, the overexpression of miR-29c was demonstrated to be able to downregulate the expression levels of VEGFA and PI3K/Akt signaling pathway-associated proteins. The results of the present study suggested that miR-29c might regulate NSCLC tumor progression by targeting VEGFA.
Introduction
Lung cancer, with a high incidence rate and poor prognosis, is reported to be one of the most frequently-occurring aggressive tumors, and is a principal cause of human mortality around the world (1) . Due to the high invasiveness and metastatic ability, the 5-year survival rate of lung cancer is <15%, which is lower than most common cancers (2) . In particular, non-small cell lung cancer (NSCLC) accounts for >80% of all lung cancer cases (3) . Although it is frequently considered to be ineffective or excessively toxic, the primary therapeutic treatment for NSCLC is chemotherapy (4) . Intensive research is required to identify novel, effective and low-toxicity therapeutic methods. Given the development of targeted agents which are able to target specific molecular pathways in tumor cells, molecular targeted therapy has become a promising therapeutic option for various types of cancer. Thus, research into specific targets for NSCLC has become a focus in recent decades.
MicroRNAs (miRNAs/miRs) are single-stranded small (~24 nucleotides) non-coding endogenous RNAs that regulate the expression of genes in a variety of cellular processes, by binding to the 3' untranslated region (UTR) of their target mRNAs for degradation and translation suppression (5) . A previous study indicated the important roles of miRNAs in carcinogenesis (6) . The miR-29 family is aberrantly expressed in NSCLC cells. According to a previous study, the miR-29 family serves a notable role in lung tumor cellular processes associated with poor prognosis (7) . miR-29c is a miR-29 family member (7) . It was reported that miR-29c was observably underexpressed in NSCLC tumor tissues, illustrating that miR-29c may be able to suppress NSCLC tumorigenesis (8, 9) .
The growth of tumors is accompanied by stimulation of angiogenesis. One of the primary factors in tumor angiogenesis stimulation is vascular endothelial growth factor A (VEGFA) (10). According to previous research, high expression of VEGF is associated with the proliferation and metastasis of several types of cancer (11) . Through bioinformatics methods, it was identified that VEGFA may be a gene target for miR-29c. However, studies focusing on whether miR-29c is able to regulate cell proliferation and cellular apoptosis in NSCLC tumors by targeting VEGFA have not yet been reported.
In the present study, aberrant underexpression of miR-29c and overexpression of VEGFA in NSCLC tumor tissues was observed. Clinical sample investigation and fundamental MicroRNA-29c inhibits proliferation and promotes apoptosis in non-small cell lung cancer cells by targeting VEGFA research were combined to examine the correlation between the expression of miR-29c and VEGFA, and the regulatory mechanism of action of miR-29c on NSCLC tumor progression.
Materials and methods

Specimens.
A total of 30 cases of NSCLC tumor tissue samples and the corresponding para-carcinoma tissue samples were obtained from patients with NSCLC who were treated in Linyi People's Hospital from January 2014 to January 2016; there were a total of 17 male and 13 female patients, and the mean age was 51±14-years-old. All the collected cases were pathologically diagnosed as NSCLC without any preoperative radiotherapy and/or chemotherapy. The reverse transcription-quantitative polymerase chain reaction (RT-qPCR) method was applied for the measurement of the expression of miR-29c and VEGFA in the collected NSCLC tumor tissue samples and the corresponding para-carcinoma tissue samples. The correlation between miR-29c and VEGFA expression was statistically analyzed. The present study was approved by the ethics committee of Linyi People's Hospital (Linyi, China). Written informed consent was obtained from all patients.
Cell culture. Human NSCLC cell lines including A549, NCI-H1299 and H1650 were cultivated in RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C in an incubator (5% CO 2 , humidified). The RT-qPCR method was applied for the measurement of the expression of miR-29c in the above cell lines. The cell line with the lowest miR-29c expression was chosen for the following experiments.
Cell transfection. Logarithmic growth phase NCI-H1299 cells were trypsinized, washed and seeded in 96-well plates at a density of 8x10 3 cells/well, prior to being transfected with 10 nM miR-29c mimics or miR-negative control (NC) mimics using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. Cells were separated into three groups: i) Control group; ii) miR-29c mimic group (transfected with miR-29c mimics); and iii) NC group (transfected with miR-NC). Oligonucleotide sequences of miR-29c mimic and miR-NC were as listed: miR-29c mimics forward, 5'-UAG CAC CAU UUG AAA UCG GUU A-3', reverse 5'-UAA CCG AUU UCA AAU GGU GCUA-3'; miR-NC forward, 5'-UCA CAA CCU CCU AGA AAG AGU AGA-3' and reverse, 5'-UCU ACU CUU UCU AGG AGG UUG UGA-3'. The oligonucleotides were chemosynthesized at Extended Nature Biotechnology Co., Ltd. (Shanghai, China). Total RNA was collected following 72 h. The RT-qPCR method was applied to detect the transfection efficiency in the three groups.
Cell proliferation analysis. A total of 72 h following cell transfection, an MTT assay (Invitrogen; Thermo Fisher Scientific, Inc.) was used to monitor the cell proliferation rate of each group. NCI-H1299 cells were first washed with buffer (PBS, pH 7.4), trypsinized, washed, counted and reseeded into a 96-well plate at a density of 1x10 4 cells/100 µl/well. A total of 10 µl MTT reagent was added and the plate was cultured at 37˚C in an incubator (5% CO 2 , humidified) until a purple precipitate appeared. Thereafter, 100 µl detergent solution (dimethyl sulfoxide) was then used to dissolve the formazan crystals and the plate was incubated at 37˚C for 2 h away from light. Absorbance was detected at 570 nm using a microplate reader. RT-qPCR analysis. Total RNA was extracted from cells using a miRNeasy Mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's protocol. The reverse transcription of VEGFA RNA and miR-29c-3p was conducted using a TaqMan MicroRNA RT kit (Invitrogen; Thermo Fisher Scientific, Inc.) at 42˚C for 1 h, according to the manufacturer's protocol. miScript SYBR ® Green PCR kit (Qiagen, Inc., Valencia, CA, USA) was employed for RT-qPCR analysis, the amplification conditions were: Total volume 20 µl, initial denaturation 95˚C for 10 min, then 45 cycles 95˚C for 15 sec, 60˚C for 1 min, which was performed using a 7900HT Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The The sequences of the primers used were: miR-29c-3p forward, 5'-ACA CTC CAG CTG GGT AGC ACC ATT TGA-3', reverse, 5'-TGG TGT CGT GGA GTC G-3'; U6 forward, 5'-CTC GCT TCG GCA GCA CA-3' reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'; VEGFA forward, 5'-TTT CTG CTG TCT TGG GTG CAT TGG-3', reverse, 5'-ACC ACT TCG TGA TGA TTC TG CCC T-3' and GAPDH forward, 5'-ACA CCC ACT CCT CCA CCT TT-3' and reverse 5'-TTA CTC CTT GGA GGC CAT GT-3'. U6 small RNA served as the internal control material for miR-29c-3p, and the relative expression level of VEGFA RNA was normalized to GAPDH using the 2 -ΔΔCq quantification cycle method (12) .
Cellular apoptosis analysis. A total of
Western blot analysis. Total proteins were extracted from cells using T-PER Protein Extraction Reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Protein concentration was determined using a Bicinchoninic Acid kit (Beyotime Institute of Biotechnology, Shanghai, China). Proteins (15 µg/lane) were resolved by 10% SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane. Subsequently, the PVDF membrane was blocked in 5% non-fat milk in Tris Buffer Saline containing 0.1% Tween-20, at room temperature for 1 h and blotted with antibodies against GAPDH Dual-luciferase reporter analysis. Through bioinformatics methods using TargetScan 7.1 (http://www.targetscan.org), it was identified that VEGFA may be a target gene for miR-29c. Two types of 3'UTR fragments (wild type and mutant type) of VEGFA were inserted into the XhoI-PmeI restriction sites of the 3'UTR of the Renilla luciferase gene of the dual-luciferase reporters psiCHECK2 (Promega Corporation, Madison, WI, USA) to obtain the wild type reporter, VEGFA 3'UTR-WT, and the mutant reporter, VEGFA 3'UTR-Mut. Cells (1x10 5 cells/well) were transfected with 50 ng vector, 10 nM miR-29c-3p, and 1 µl Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc.) in 100 µl Opti-Minimum Essential medium (Gibco; Thermo Fisher Scientific, Inc.). At 72 h post-transfection, luciferase activity of Firefly and Renilla was monitored using a Dual-Luciferase Reporter Assay System (Promega Corporation), according to the manufacturer's protocol. The final results were normalized to the Renilla luciferase and analyzed statistically.
Statistical analysis. All the above experiments were verified with triplicate repetition. The final data were analyzed statistically using SPSS 19.0 software (IBM Corp., Armonk, NY, USA). All data are presented in the form of the mean ± standard deviation. Spearman's correlation analysis was used to analyze the correlation between VEGFA and miR-29c-3p. Comparisons between two groups were performed using a Student's t-test, and differences among three groups were analyzed via one-way analysis of variance followed by the Student-Newman-Keuls test. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-29c and VEGFA expression in NSCLC tumor tissues are negatively correlated.
In order to examine the expression patterns of miR-29c and VEGFA in NSCLC tumor tissues, 30 specimens from NSCLC cases with their corresponding para-carcinoma normal tissues were analyzed using the RT-qPCR method. As presented in Fig. 1 , the analytical results indicated a significant downregulation of miR-29c and a significant upregulation of VEGFA in NSCLC tumor tissues, compared with the corresponding normal tissues. A significant negative correlation between the expression levels of miR-29c and VEGFA was observed in NSCLC tumor tissues (P=0.005).
miR-29c expression in lung cancer cell lines and VEGFA expression following transfection.
In order to select the NSCLC cell line with the lowest expression level of miR-29c-3p for further experiments, the RT-qPCR method was employed to compare miR-29c expression levels in the human NSCLC cell lines A549, NCI-H1299 and H1650. As presented in Fig. 2A , the NCI-H1299 cell line had the lowest relative expression level of miR-29c, and was chosen for subsequent experiments. The relative expression of VEGFA in three groups of NCI-H1299 cells was measured following transfection. The results demonstrated no significant difference between the VEGFA expression levels of the control and NC groups (Fig. 2B and C) . However, the results demonstrated an upregulation of the expression of miR-29c-3p (Fig. 2B ) and a downregulation of the expression of VEGFA (Fig. 2C) in the miR-29c mimic group, which further confirmed the negative correlation between the expression levels of miR-29c and VEGFA.
miR-29c expression affects lung cancer cell proliferation and apoptosis.
The influence of miR-29c expression on NSCLC cell proliferation and apoptosis was further investigated using an MTT assay and Annexin V-FITC apoptosis assay. From the apoptosis assay results (Fig. 3A) , the cellular apoptosis rates of the control group, NC group and the miR-29c mimic group were demonstrated to be 4.67, 9.13 and 53.8%, respectively. The cellular apoptosis rate of miR-29c mimic group was significantly higher compared with the other two groups (Fig. 3B ). This significant difference indicated that the overexpression of miR-29c may facilitate NSCLC cellular apoptosis. The growth curves from the MTT assay illustrated the influence of miR-29c on NSCLC cell proliferation (Fig. 3C) . At 48 h, there was a clear suppressive effect on cell viability in the miR-29c mimic group compared with the other two groups, meaning that the overexpression of miR-29c was able to inhibit NSCLC cell proliferation.
miR-29c regulates VEGFA expression and the PI3K/Akt signaling pathway in lung cancer cells.
To further examine the association between the expression levels of miR-29c and VEGFA, and the possible regulatory mechanism of miR-29c through the PI3K/Akt signaling pathway, western blotting was used to measure the expression levels of VEGFA protein and other signaling pathway-associated proteins in the three groups. As presented in Fig. 4 , no apparent variation was observed in the expression levels of VEGFA, p-PI3K and p-Akt proteins in the control and NC groups. However, in the miR-29c mimics group, the expression levels of VEGFA, p-PI3K and p-Akt proteins were significantly downregulated compared with the other two groups (P<0.01). This phenomenon indicated that miR-29c was able to regulate VEGFA expression and affect NSCLC cell activities via the PI3K/Akt signaling pathway.
VEGFA is a direct gene target of miR-29c.
To verify the molecular basis for the regulatory role of miR-29c in NSCLC cell activities observed above, it was predicted that VEGFA may be a gene target for miR-29c using bioinformatics analysis (Fig. 5A) . Thereafter, dual-luciferase reporter analysis was used to confirm that VEGFA is a direct target for miR-29c. As presented in Fig. 5B , the relative luciferase activity in the WT VEGFA 3'UTR group was significantly decreased in miR-29c mimics-transfected cells compared with NC cells, while the relative luciferase activity in the mutant VEGFA 3'UTR group exhibited no notable decrease in cells transfected with miR-29c mimics. This result suggested that VEGFA may be a direct gene target of miR-29c.
Discussion
NSCLC has a median 5-year survival rate ranging between 51% (stage IA) and 26% (stage IIIA), which is low compared with other common tumors, including breast cancer and prostate cancer (13) . For early stage NSCLC, complete surgical resection along with cisplatin-based chemotherapy is the most frequently used therapeutic method, although the efficacy of chemotherapy remains uncertain (14) . Notably, molecular targeted therapy for lung cancer has proven effective in dealing with specific resistant tumors and certain targeted agents that may inhibit EGFR have been approved for the treatment of NSCLC (15) . Attention has been paid to the role of miRs as biomarker-driven targeted agents in various types of cancer (16) . The miR-29 family, namely miR-29a, miR-29b and miR-29c, have been reported to be of importance in disease, including cardiac fibrosis, lung cancer, nasopharyngeal carcinoma and Alzheimer's disease (8, (17) (18) (19) . As mentioned previously, miR-29c has been proven to be a potential biomarker for the detection of early stage NSCLC and a promising targeted agent for the treatment of NSCLC (20, 21) . However, the possible regulatory mechanism and corresponding signaling pathway of miR-29c in NSCLC tumor development remain to be elucidated. As an important factor in tumor growth, VEGFA is a possible target for miR-29c. A series of studies have reported the overexpression of VEGFA, which may contribute to poor prognosis in a range of types of cancer (22) (23) (24) . Furthermore, it was reported that VEGFA was able to modulate the metastasis and invasion of lung cancer via the PI3K/Akt pathway (25) . Based on this information, the present study investigated the correlation between miR-29c and VEGFA expression, and PI3K/Akt pathway-associated protein expression in NSCLC tumors, to elucidate the potential regulatory mechanism.
In the present study, the evident low expression of miR-29c was found in NSCLC tumor tissues in comparison to adjacent normal tissues. Correspondingly, the VEGFA expression level in NSCLC tumor tissues was upregulated compared with normal tissues. Statistical analysis demonstrated an evident negative correlation in the expression levels of miR-29c and VEGFA in NSCLC tumor tissues. To verify this observed negative correlation between miR-29c and VEGFA expression, further study was performed via transfection of miR-29c mimics into NSCLC tumor cells. It was confirmed that the overexpression of miR-29c was able to suppress VEGFA expression in the miR-29c mimics group compared with the other two control groups. Subsequently, analysis of the influence of miR-29c on NSCLC cell activities demonstrated that overexpression of miR-29c was able to inhibit the proliferation and promote the apoptosis of NSCLC cells. Since high expression of VEGFA has been reported to be correlated with the proliferation and metastasis of various types of tumor (11), it was hypothesized that miR-29c may regulate NSCLC cell activities by targeting VEGFA. Through bioinformatics analysis, it was predicted that VEGFA may be a direct target for miR-29c. The dual-luciferase reporter analysis demonstrated that miR-29c was able to bind the VEGFA 3'UTR directly and thus suppress VEGFA expression. Furthermore, western blot analysis results demonstrated that the expression level of VEGFA protein was downregulated in the miR-29c mimics group compared with the control groups. The expression levels of PI3K/Akt pathway-associated proteins, including p-PI3K and p-Akt, were downregulated in the miR-29c mimics group. These results revealed for the first time, to the best of our knowledge, that miR-29c was able to modulate NSCLC tumor activity, including proliferative and apoptotic processes, by targeting VEGFA.
In conclusion, the functional role and possible mechanism of miR-29c in NSCLC tumor progression were investigated in the present study. Overall, it was demonstrated that miR-29c was aberrantly underexpressed in NSCLC tumor tissues, and there was an evident negative correlation between the expression levels of miR-29c and VEGFA. In particular, the overexpression of miR-29c was able to downregulate the expression level of VEGFA and decrease the proliferation, as well as promoting the apoptosis, of NSCLC tumor cells. Further experiments confirmed that VEGFA was a direct target of miR-29c, and that miR-29c was able to affect NSCLC tumor cell activities by modulating the PI3K/Akt signaling pathway. Although more detailed analysis of the accurate regulatory mechanisms of miR-29c in NSCLC tumor progression are required, the present study identified an important miR and its functional role in NSCLC tumors, and provided a basis for future clinical therapeutic research into NSCLC tumors. .05 miR-29c-3p mimics vs. NC group. VEGFA, vascular endothelial growth factor A; UTR, untranslated region; NC, negative control; WT, wild type; miR, microRNA.
